Background-The safety and efficacy of drug-eluting stents (DES) among more generalized "real-world" patients than those enrolled in pivotal randomized controlled trials (RCTs) are controversial. We sought to perform a meta-analysis of DES studies to estimate the relative impact of DES versus bare metal stents (BMS) on safety and efficacy end points, particularly for non-Food and Drug Administration-labeled indications.
D rug-eluting stents (DES) are currently implanted in the majority of the Ͼ2 million patients undergoing percutaneous coronary intervention each year. The evidence base for initial DES approvals by the US Food and Drug Administration (FDA) has consisted largely of randomized controlled trials (RCTs) enrolling patients with mostly stable coronary artery disease and relatively noncomplex, single, de novo coronary artery lesions. Data from these RCTs have suggested that overall rates of death and myocardial infarction (MI) are similar among DES-and bare metal stent (BMS)-treated patients, 1-3 perhaps because of the offsetting risks/benefits of DES. 4, 5 Yet, DES are currently being used "off label" in higher-risk patients and in more complex lesions in 60% to 70% of cases, 6, 7 and concerns have arisen about the appropriateness of the routine use of DES in the "real world."
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These concerns have been based primarily on 2 factors: the observation of higher stent thrombosis rates when DES are used in more unrestricted patient populations than in the carefully controlled approval RCTs 2, 8 and the hypothesis that DES efficacy may be mitigated outside the carefully selected clinical trial population of approval RCTs. Although adequately powered RCTs designed to address these issues comprehensively in off-label patient and lesion subsets have not been completed, modest-sized RCTs and numerous largescale observational analyses examining real-world use of DES have been conducted. To date, there has been no systematic attempt to synthesize the current data on DES off-label and real-world DES use. We therefore performed a systematic review and meta-analysis to examine the relative safety and effectiveness of DES compared with BMS across a broad spectrum of patients.
Methods

Study Objectives and Criteria for Inclusion/Exclusion
Studies eligible for inclusion included those published or presented at a major cardiovascular meeting through February 2008 in which Ն100 patients were enrolled comparing either the commercially available versions of the CYPHER (Cordis, Miami Lakes, Fla) or TAXUS (Boston Scientific, Natick, Mass) DES with BMS and in which mortality data with follow-up Ն1 year from stent implantation were available. Landmark data, or analyses that censored patients at a specified time point after stent implantation, were not included unless presented cumulatively. For example, the Basel Kosten Effektivitats Trial (BASKET) study was included that used all cumulative data rather than landmarked data presented as BASKET-Late Thrombotic Events (BASKET-LATE); the Global Registry of Acute Coronary Events (GRACE) registry data presented at the European Society of Cardiology World Congress 2007 were excluded because in-hospital events were censored. Also excluded were studies that did not report outcomes data at a fixed time point (and with the same follow-up duration for both stent types), studies using a control group from another study already in the meta-analysis, and studies that were themselves meta-analyses.
Data Search and Acquisition
We searched several sources for published/presented studies, including MEDLINE, the Cochrane database, www.clinicaltrials.gov, www.clinicaltrialresults.org, www.tctmd.com, www.cardiosource.com, EuroIntervention journal, and abstracts/presentations from major cardiovascular meetings. The search string broadly included "stent and (-eluting or sirolimus or paclitaxel)" with slight modifications based on the source. Studies were identified in 2 independent searches (performed by A.G. and S.I.) with conflicts adjudicated by a third reviewer (A.J.K.).
Because of the varying lengths of follow-up and varying baseline risk among included studies, the measure of association derived was a relative risk rather than absolute risk or event rate. As a result, studies with zero events in either the BMS or DES arm for a given end point were abstracted but were not used in the analyses (total of 2 studies). Hazard ratios (HRs) or relative risks with confidence intervals (CIs) were either directly abstracted or derived on the basis of the ratio of reported event rates. The most updated or most inclusive data for a given study were chosen for abstraction.
Study End Points
The primary end points chosen for this analysis were all-cause death, MI, and target vessel revascularization (TVR). Studies reporting only cardiac death were abstracted but are not reported in analyses of all-cause death. Two studies reporting only Q-wave MI (Washington Hospital Center, RESTEM) were included in the analyses of MI. Studies reporting only target lesion revascularization but not TVR data were not included in primary TVR analyses.
Analyses of RCTs and Observational Studies
We prespecified separate analyses of RCTs and observational studies given the inherent differences between these types of study designs. 9 For RCTs, all studies meeting inclusion/exclusion criteria were included in the primary analysis. Additional prespecified stratified analyses of trials according to US FDA labeling (instructions for use) were conducted. Trials confined to MI patients or involving nonapproved indications (eg, chronic total occlusions, bifurcation lesions, or other complex lesions) were classified as off-label uses. Additional sensitivity analyses confined to RCTs with follow-up extending to Ն2, Ն3, and Ն4 years were prespecified.
For observational studies (defined as nonrandomized comparisons of DES versus BMS, including nonrandomized comparisons within an RCT investigating other therapies), all studies meeting inclusion/ exclusion criteria were included in the primary meta-analysis. However, given the a priori heterogeneous nature of observational analyses, separate subanalyses were prespecified. An analysis confined to large observational studies (Ն1000 total patients) was conducted. Separate analyses using unadjusted estimates and adjusted estimates were assessed. Additionally, estimates derived from studies using propensity score matching were considered within a separate substratum. An individual included study could be used in several categories (eg, if unadjusted, adjusted, and propensitymatched data were reported); however, the highest-quality estimate was picked for the overall meta-analysis (using the following rank order: propensity matchedϾadjustedϾunadjusted). Additional sensitivity analyses confined to observational studies with follow-up extending to Ն2 and Ն3 years were prespecified. Finally, analyses were performed stratified by the type of enrollment: sequential (consecutive time periods of BMS followed by DES use) or concurrent (simultaneous BMS and DES use).
Meta-Analyses
Meta-analyses were based on cumulative data from the time of stent implantation. A single time point estimate for each study end point was chosen for the analysis, assuming a constant hazard of DES versus BMS throughout the follow-up period. Both fixed-effects (inverse-variance weighted) and random-effects (DerSimonian and Laird) models are reported. 10, 11 Statistical heterogeneity was assessed with Cochran Q via a 2 test and was quantified with the I 2 test. 12 
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The influence of individual studies was examined by excluding studies 1 at a time, and testing for systematic bias was performed using funnel plots and the Begg test. 13 Exploratory bivariate metaregressions were performed to assess heterogeneous study effects and included regressions of the log-HR on the total number of patients within a study, total number of DES patients, percentage of diabetic patients, and percentage of patients undergoing protocolmandated angiographic follow-up. All analyses were performed with Stata 10.0 (Stata Corp, College Station, Tex).
Results
A total of 22 RCTs that enrolled 9470 patients and 34 observational studies reporting data from 182 901 patients met the study criteria and were included in the comprehensive meta-analysis. A flow diagram depicting the overall search strategy is demonstrated in Figure 1 , and characteristics of the included studies are shown in the Appendix of the online- only Data Supplement. Among the RCTs, 10 trials (4818 patients) enrolled patients with lesions consistent with the FDA-approved indications for DES use, whereas 12 trials (4049 patients) enrolled off-label patients (including 7 trials of DES versus BMS in acute MI). Among the observational studies, 19 studies (136 558 patients) used statistical designs (matching, covariate adjustment, or propensity-based adjustment) to adjust for differences between the DES and BMS patients.
Mortality
In 21 RCTs, the mortality HR for DES versus BMS was 0.97 (95% CI, 0.81 to 1.15; Pϭ0.72) in both fixed-effects and random-effects models with no observed heterogeneity ( Figure  2A ). Mortality also was not significantly different between DES-and BMS-treated patients in analyses restricted to studies including follow-up extending to Ն2, Ն3, and Ն4 years ( Table 1) . Among trials examining off-label use of DES, the HR was 0.84 (95% CI, 0.62 to 1.13; Pϭ0.24).
In 31 observational studies, DES versus BMS use was associated with a 22% reduction in mortality (HR, 0.78; 95% CI, 0.71 to 0.86; PϽ0.001) in a random-effects model and an 18% reduction in mortality (0.82; 95% CI, 0.78 to 0.85) in a fixed-effects model ( Figure 2B ). There was a high level of heterogeneity (I 2 ϭ71%; PϽ0.001). However, the relative benefit of DES versus BMS was consistent among large observational analyses (those enrolling Ն1000 patients), among studies reporting follow-up extending to Ն2 and Ն3 years, and among studies reporting adjusted data (Table 1) .
There was no apparent systematic bias as assessed by funnel plots among either the RCTs or observational studies (Begg test, Pϭ0.79 and 0.71, respectively). No individual study unduly influenced the primary effects estimate, and meta-regressions conducted to investigate the heterogeneity in studies demonstrated no variability in the HR based on number of enrolled patients, number of DES patients, or percentage of diabetic patients.
Myocardial Infarction
In 20 RCTs, the HR for DES versus BMS was 0.95 (95% CI, 0.79 to 1.13; Pϭ0.54) in the fixed-effects model with minimal heterogeneity (I 2 ϭ3.0%; Pϭ0.42; Figure 3A ). The hazard of MI was similar in analyses restricted to studies including follow-up extending to Ն2, Ն3, and Ն4 years ( Table 2 ). Among trials of off-label use, the HR was 0.77 (95% CI, 0.54 to 1.10; Pϭ0.19).
In 25 observational studies, DES versus BMS use was associated with a 13% reduction in MI (HR, 0.87; 95% CI, 0.78 to 0.97; Pϭ0.014 in a random-effects model; Figure  3B ). There was again a high level of heterogeneity (I 2 ϭ60.3%; PϽ0.001). However, the relative benefit of DES versus BMS was consistent among large observational analyses (those enrolling Ն1000 patients), as well as among studies reporting follow-up extending to Ն2 and Ն3 years, but was somewhat attenuated when restricted to observational studies reporting adjusted data (HR, 0.91; 95% CI, 0.81 to 1.01; Pϭ0.08; Table 2 ).
A trend was present that was suggestive of systematic bias as assessed by funnel plots favoring DES in the RCTs but not in the observational studies with respect to the MI end point (Begg test, Pϭ0.052 and Pϭ0.12, respectively). No individual randomized or observational study unduly influenced the primary effects estimate, and meta-regressions demonstrated no variability in the HR based on number of enrolled patients, number of DES patients, or percentage of diabetic patients.
Target Vessel Revascularization
In 16 RCTs, DES versus BMS resulted in a 55% reduction in TVR (HR, 0.45; 95% CI, 0.37 to 0.54; PϽ0.001) in the Figure 4A ). The benefit of DES versus BMS with respect to TVR was similar in analyses restricted to studies including follow-up extending to Ն2, Ն3, and Ն4 years with less heterogeneity, particularly among the last group (Table 3 ). Randomization to DES versus BMS reduced TVR by 62% in trials examining off-label DES use (HR, 0.38; 95% CI, 0.27 to 0.52; PϽ0.001).
In 18 observational studies, use of DES compared with BMS reduced TVR by 46% (HR, 0.54; 95% CI, 0.48 to 0.61; PϽ0.001) in a random-effects model ( Figure 4B ). There was again a high level of heterogeneity (I 2 ϭ69.7%; PϽ0.001).
However, the relative benefit of DES versus BMS was consistent with the aggregate analysis among large observational studies (those enrolling Ն1000 patients), studies reporting follow-up extending to Ն2 and Ն3 years, unadjusted studies, and studies reporting adjusted data, including propensity-matched registries and multivariable-adjusted registries (Table 3) .
There was no evident systematic bias assessed by funnel plots evident in either the RCTs or observational studies with respect to the TVR end point (Begg test, Pϭ0.56 and Pϭ0.11, respectively). Meta-regressions performed in the RCTs demonstrated a consistent HR of TVR reduction with DES regardless of the percentage of patients undergoing protocol-mandated routine angiographic follow-up in the RCTs (Pϭ0.73; Figure 5 ). However, there did appear to be a greater relative benefit of DES in smaller studies (Pϭ0.02 for meta-regression of HR on total number of enrolled patients).
No individual RCT or observational study unduly influenced the primary effects estimate, and meta-regressions among the observational studies conducted demonstrated no variability in the HR based on number of enrolled patients, number of DES patients, or percentage of diabetic patients within a study.
Discussion
The primary findings from this systematic review and metaanalysis of DES versus BMS studies are the following. First, in RCTs, treatment with DES compared with BMS was associated with no detectable differences in death or MI in either off-label or on-label studies and was associated with a significant 55% reduction in TVR. Second, in observational studies, the nonrandomized use of DES versus BMS was associated with significant 22% and 13% reductions in all-cause mortality and MI, respectively, and a significant 46% reduction in TVR, although a high level of heterogeneity was present among these studies. The observed differences between the findings within RCTs and observational analyses demonstrate that reliance on neither should be absolute, but the collective data appear consistent in demonstrating at a minimum the absence of a significant safety hazard of DES compared with BMS while confirming the presence of significant DES efficacy across a broad range of lesions and patients at various risk.
Evidence of DES safety and efficacy is derived from 2 types of complementary studies: RCTs, which are typically small to modest sized and not powered to assess hard safety end points such as death or MI, and large-scale observational studies, in which the results of the nonrandomized selection of DES versus BMS have been compared in routine clinical practice. These 2 different types of study designs have strengths and limitations that affect the clinical context and interpretation of their results. Although RCT data, by minimizing the influence of both measured and unmeasured confounders, represent the purest comparison between 2 treatment strategies and can minimize treatment selection bias, observational studies may be more generalizable and less subject to enrollment bias. Thus, both types of data are useful in assessing the relative safety and efficacy of DES compared with BMS.
There may be several possible explanations why the rates of death and MI were found to be significantly reduced with the use of DES compared with BMS in the observational studies with an attenuated effect in the RCTs. Proponents of observational data cite their added generalizability and the fact that nearly 20 times more patients have been studied in the observational registries as in the RCTs, providing much more power to detect differences in low-frequency safety events. Conversely, observational analyses are subject to confounding with respect to the nonrandomized choice of either DES or BMS. Multivariable adjustment and/or propensity matching can be used to mitigate the effect of measured confounders on the DES versus BMS effect estimate within individual studies. As such, the observed attenuation of the overall summary estimate of mortality and MI favoring DES compared with BMS in the adjusted compared with the unadjusted analyses is notable.
Nonetheless, conventional statistical approaches used in observational analyses have limited ability to address the influence of unmeasured confounders on the overall effect estimate. For example, the decision to use DES may be based on unmeasured patient characteristics and may importantly affect subsequent treatment decisions, including medication use. The longer duration of dual antiplatelet therapy required with DES 2,3 may reduce long-term adverse event rates independently of stent selection. 14 Thus, it is likely that at least some of the differences observed in the relative safety of DES versus BMS between the observational studies and the RCTs represent the effect of residual (or unmeasured) confounding. These limitations notwithstanding, the observed point estimates for both death and MI with DES compared with BMS were less than unity in both the RCTs and the observational studies, suggesting that DES are safe across a broad cross section of patients and lesions with coronary artery disease. Prior analyses of on-label DES use have demonstrated an "offsetting risk" of restenosis and stent thrombosis over longer-term follow-up, with an increased rate of restenosisrelated events among BMS-treated patients balanced against an increased rate of primary thrombosis-related events among DES-treated patients. 4, 5, 15 The absolute benefits of DES compared with BMS in more unselected (and higher restenosis risk) patients may be greater. Whether the relative and absolute risks of stent thrombosis are also concomitantly higher with DES versus BMS in such patients is unknown, but it is clear that late thrombotic events also occur with unselected use of BMS. 16 With respect to the efficacy of DES, the results of both RCT studies and observational analyses were concordant in demonstrating a marked reduction in recurrent ischemia necessitating repeat TVR. This effect was similar in magnitude between the RCT studies and observational analyses and in the RCTs was independent of the percentage of routine angiographic follow-up performed. The consistency and magnitude of the reduction in TVR with DES are notable, particularly given concerns that high levels of routine angiographic follow-up and a lack of lesion complexity may have overestimated the efficacy of DES in pivotal randomized trials. Among RCTs, the reduction in TVR, death, and MI with DES compared with BMS tended to be greater in off-label compared with on-label studies, supporting the data from the observational studies that DES are likely safe and effective in an unrestricted real-world population.
As with any systematic review and meta-analysis, the conclusions drawn from such data are subject to the limitations of the original included studies themselves. Although strict criteria were used, the included studies represent a comprehensive attempt to cull together published and unpublished literature in this area, and as such, summary-level estimates of individual study effects were used. Finally, heterogeneity was present among the observational studies included in this meta-analysis. Attempts to investigate sources of heterogeneity through various sensitivity analyses and meta-regression did not reveal a simple explanation or way to account for this variability, and the overall magnitude and directionality of the summary DES versus BMS estimates appeared consistent in these subanalyses. Even if one were to consider the degree of heterogeneity to be so significant so as to preclude quantitative assessment of a summary estimate, from this systematic review, it appears that the preponderance of the evidence does not suggest an adverse safety signal with DES compared with BMS.
Conclusions
The use of DES compared with BMS does not appear to be associated with adverse safety outcomes such as death or MI when used either off label in RCTs or in an unrestricted fashion as selected in the nonrandomized observational studies and was associated with a significant and comparable reduction in TVR in both types of studies. Large-scale RCTs are required to ascertain the true effects of DES compared with BMS with respect to rates of death and MI. However, in the absence of definitive large-scale randomized data directly comparing DES to BMS in unselected patients, these findings, derived from Ͼ190 000 total patients treated in 56 studies, suggest that DES are safe for both on-label and off-label use and have comparable efficacy in both RCTs and in the real world.
